Introduction {#s1}
============

Carbapenems, particularly imipenem, meropenem, and ertapenem, play a vital role in the treatment of human clinical infections caused by multidrug-resistant (MDR) Gram-negative bacteria ([@c27]). Carbapenems are not approved for use in animals in any part of the world. Carbapenem-resistant bacterial strains have been increasing rapidly worldwide ([@c18]; [@c27]), and carbapenem-resistant Enterobacteriaceae (CRE) are classified as an urgent clinical threat by the Centers for Disease Control and Prevention ([@c5]) and as priority pathogens for which new antibiotics are urgently needed by the World Health Organization ([@c39]). New Delhi $\text{metallo-}\beta\text{-lactamases}$ (NDM), *Klebsiella pneumoniae* carbapenemases (KPC), and carbapenem-hydrolyzing oxacillinase 48 type $\beta\text{-lactamases}$ are emerging as the most commonly acquired carbapenemases among Enterobacteriaceae from health care settings worldwide ([@c17]). NDM-1 was first identified in clinical *Escherichia coli* and *K. pneumoniae* isolates in India in 2008 ([@c42]), while in China, NDM-1 first appeared in clinical *Acinetobacter baumannii* isolates in 2011 ([@c6]) and in animal-derived *Acinetobacter lwoffii* isolates in 2012 ([@c37]).

NDM variants are increasingly becoming one of the main mechanisms of carbapenem resistance among *E. coli* isolates in both clinical and nonclinical settings in China. In humans, $bla_{\text{NDM}}$ genes accounted for 48.5% \[95% confidence interval (CI): 40.8, 56.3\] of clinical carbapenem-resistant *E. coli* (CREC) isolates collected from hospitals in 25 Chinese provinces/municipalities from 2014 to 2015 ([@c43]). In 2016, 2.4% (95% CI: 1.9, 2.9) of healthy people from 19 provinces in China harbored CREC as part of their physiological enteric microbiota, with 46.7% (95% CI: 36.3, 57.4) of isolates testing positive for $bla_{\text{NDM}}$ ([@c31]). Although carbapenems have never been approved for use in food-producing animals, sporadic cases of CREC from animal farms and surrounding environments, as well as the downstream meat production chain, have been reported ([@c38]; [@c44]). Only four porcine NDM-type CREC (NDM-EC) isolates (three from Guangdong and one from Sichuan, China) were identified, and, in all cases, the genetic environment of $bla_{\text{NDM-}1}$ was highly similar to that in human isolates from China and India ([@c21]; [@c44]). Unlike the rare reports of NDM in pigs, NDM-EC were highly prevalent along the Chinese poultry production chain (commercial broiler farms, slaughterhouses, and supermarkets) and surrounding environments (flies and birds) ([@c38]). Moreover, NDM-EC isolates from poultry production showed the same genotypes as that from human infections in China and outside China ([@c38]). The similarity of CREC between animals and humans suggests that animals, although probably not the primary source of CRE in humans, still play an important role in NDM-EC transmission. However, established links between human- and animal-derived CRE isolates are still scarce ([@c20]).

Backyard farms that raise mainly poultry and swine on a small scale ($n < 50$) are a major source of food and income for villagers in low- and middle-income countries ([@c12]; [@c35]). For instance, approximately 43% of pigs worldwide are raised in small-scale farming operations ([@c30]). Pig production by small backyard farms in 2010 accounted for one-third of the overall Chinese pig market ([@c12]). Notably, two or more types of animals are often raised in backyard farms, which are frequently associated with poor hygiene practices, such as frequent contact with other animals and humans ([@c10]). Moreover, backyard farms with inadequate sanitation and poor management practices can add to environmental pollution with respect to MDR bacteria. Therefore, the spread of MDR bacteria among animals, humans, and the environment via direct contact with animal waste is more likely in backyard farms ([@c13]; [@c26]). Herein, as part of the Sino-Swedish Integrated Multisectoral Partnership for Antibiotic Resistance Containment project (IMPACT) ([@c4]), we investigated the prevalence, risk factors, and drivers of CRE transmission between humans and animals in backyard farms and the surrounding environment in 746 households across 12 villages in rural areas of the Shandong Province, China. In addition, the two nearest commercial pig farms, located $20\;{km}$ away from these villages, were also included in the study ([Figure 1](#f1){ref-type="fig"}).

![Schematic diagram of the research workflow. Note: cgSNP, core-genome single-nucleotide polymorphism; CRE, carbapenem-resistant Enterobacteriaceae; DAPC, discriminant analysis of principal components; WGS, whole-genome sequencing.](ehp-127-107009-g001){#f1}

Methods {#s2}
=======

Village and Household Selection {#s2.1}
-------------------------------

This study was conducted in Shandong Province in July 2015, which has a population of 96 million people spread across 17 cities and 140 counties, approximately half of which are rural. The study design and the selection of villages and households have been described in detail previously ([@c34]). Briefly, a specific town with 73 surrounding villages was chosen by considering the number of households with backyard farms and the degree of cooperation with the local township health centers. Based on the information provided by the local county CDC, we observed a long history and a high intensity of backyard livestock farming in this county, particularly pig breeding. Therefore, we used the backyard pig farms as a preliminary selection criterion for the villages. From all villages with at least 100 households, we specifically selected 12 villages with the most backyard pig farms. Considering the feasibility of the study, 65 households from each village were chosen based on registers from the local CDC. Our target was to include 35 households with backyard pig farms from each village, but not all villages contained this number of suitable households. We therefore selected all households with backyard pig farms per village if the number was 35 or less, randomly selected 35 households with backyard pig farms per village if the number was more than 35, and then used a matching sampling method ([@c34]) based on the number of families in the remaining households to bring the total number to 65 per village (Figure S1).

Sample Collection {#s2.2}
-----------------

In each household, one fecal sample from an adult resident and two pig fecal samples, if available, were collected by using the ESwab™ collection kit (Copan) as described previously ([@c34]). In addition, feces from other backyard animals, including chickens, cattle, goats, ducks, donkeys, dogs, and cats, were also sampled using the ESwabs™. Flies were captured from the backyard of 15 randomly selected households from each village by using the method described previously ([@c38]). We also selected the two nearest commercial pig farms with capacities of 3,000 (farm A) and 1,500 (farm B) pigs, respectively, located $20\;{km}$ north of the villages. Nonduplicate fecal samples were randomly collected from 61 sows, 37 weaners and 35 growers in commercial pig farm A, and from 74 sows, 53 weaners and 29 growers in commercial farm B. In addition, fecal samples from 4 and 8 farm workers in the commercial farms A and B were respectively collected. None of these workers lived in any of the 12 villages included in the study. All samples from the villages and the commercial farms were kept in cool boxes with ice packs (4--8°C) upon collection and were transported to the local CDC laboratory for storage.

In total, we collected 180 flies and 1,599 fecal samples from 735 humans, 417 pigs, 305 chickens, 13 cattle, 10 goats, 7 ducks, 1 donkey, 92 dogs, and 19 cats across the 12 villages. In addition, 301 fecal samples from 289 pigs and 12 farm workers at the two commercial farms were investigated. Ethical approvals were given by the First Affiliated Hospital of Zhejiang University, China. All participants signed consent forms in Mandarin.

Bacterial Isolation and Identification {#s2.3}
--------------------------------------

All samples were cultured on CHROMID® CARBA agar plates (bioMérieux) for 18 h at 37°C, and the red and green colonies were picked to identify presumptive CRE isolates according to the manufacturer's instructions. Species identification was carried out by matrix-assisted laser desorption ionization--time of flight mass spectrometry and 16S ribosomal RNA gene sequencing. All confirmed CRE isolates were screened for the presence of the carbapenemase genes $bla_{\text{VIM}}$, $bla_{\text{IMP}}$, $bla_{\text{KPC}}$, $bla_{\text{OXA-}48}$, and $bla_{\text{NDM}}$ by polymerase chain reaction ([@c29]).

Questionnaire, Data Management, and Analysis {#s2.4}
--------------------------------------------

A cross-sectional household survey covering sociodemographics and the species and numbers of animals raised in the backyard farms, the hygiene habits (including washing hands before meals and after going to the toilet), and the source of daily used water in the household was set up as previously described ([@c34]). Participants providing fecal samples were invited to answer the questionnaire. Data from questionnaires were double-entered into Microsoft Access 2007 as previously described ([@c34]). Nine variables assumed to have an impact on the transmission of MDR bacteria between humans and animals were selected from the survey: *a*) the number and *b*) the average age of people living in the same household, the habit of washing hands *c*) before meals and *d*) after going to the toilet, *e*) the source of daily used water, *f*) the types of toilet, *g*) the number of different animal species and *h*) the total number of backyard animals raised/kept in the same household, and *i*) the use of human and/or animal feces as fertilizer, and were used for univariate statistical analysis to assess the potential association with CRE carriage in households. The four variables shown in [Table 1](#t1){ref-type="table"} (i.e., the number and the average age of the household residents and the numbers and the species of backyard animals in the household) were used as continuous variables in the univariate analyses, while the other five variables ([Table 2](#t2){ref-type="table"}) were used as categorical variables. Variables with a significance level of $p \leq 0.20$ were entered into a multivariate logistic regression analysis using a backwards stepwise progress, of which variables with $p < 0.05$ were kept in the final model. All statistical analyses were carried out using SPSS Statistics (version 22; IBM Corporation).

###### 

Continuous variables evaluated as potential predictors of New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) carriage in households in rural China.

Table 1 lists continuous variables in the first column; the corresponding minimum values, maximum values, average values, and p values are listed in the other columns.

  Continuous variables                                                   Minimum   Maximum   Average   *p*-Value
  ---------------------------------------------------------------------- --------- --------- --------- -----------
  Number of people living in the same household                          2         9         4         0.94
  Average age of the people living in the same household                 22.3      98.5      49        0.26
  Number of different animal species raised/kept in the same household   0         7         2         $< 0.001$
  Total number of backyard animals raised/kept in the same household     0         213       21        $< 0.001$

###### 

Categorical variables evaluated as potential predictors of New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) carriage in households in rural China.

Table 2 lists categorical variables in the first column; the corresponding percentage, NDM-EC carriage prevalence (95 percent C I), Crude odds ratios (95 percent C I), and p values are listed in the other columns.

  Categorical variables                            Percentage   NDM-EC carriage prevalence (95% CI)   Crude OR (95% CI)   *p*-Value
  ------------------------------------------------ ------------ ------------------------------------- ------------------- -----------
  Source of daily-used water                                                                                              
   Well or river water                             29.2%        13.3% (9.1, 18.5)                     2.1 (1.3--3.6)      0.004
   Tap water                                       70.8%        6.8% (4.8, 9.3)                       1.0                 
  Type of toilet                                                                                                          
   Dry                                             69.7%        9.6% (7.2, 12.5)                      1.5 (0.8--2.7)      0.19
   Flush                                           30.3%        6.6% (3.8, 10.7)                      1.0                 
  Using human and/or animal faeces as fertilizer                                                                          
   Yes                                             68.1%        11.6% (9.0, 14.7)                     5.1 (2.2--11.9)     $< 0.001$
   No                                              31.9%        2.5% (0.9, 5.4)                       1.0                 
  Washing hands before meal                                                                                               
   Always/often                                    95.3%        8.9% (6.9, 11.2)                      1.6 (0.4--6.8)      0.74
   Sometimes/never                                 4.7%         5.7% (0.7, 19.2）                     1.0                 
  Washing hands after toilet                                                                                              
   Always/often                                    88.2%        8.7% (6.6, 11.1)                      1.0 (0.4--2.1)      0.89
   Sometimes/never                                 11.8%        9.1% (4.0, 17.1)                      1.0                 

Note: Odds ratios (ORs) for NDM-EC carriage were estimated using separate models for each predictor. CI, confidence interval.

Antimicrobial Susceptibility Testing {#s2.5}
------------------------------------

Susceptibility testing of CRE isolates was performed using the agar dilution method with twofold dilutions of imipenem, meropenem, tetracycline, tigecycline, cefotaxime, piperacillin-tazobactam, amoxicillin-clavulanate, gentamicin, ciprofloxacin, amikacin, nitrofurantoin, fosfomycin, trimethoprim-sulfamethoxazole, florfenicol, and colistin, the commonly used antimicrobial agents in the human clinic and/or animal husbandry. Results were interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint tables for interpretation of minimum inhibitory concentrations (MICs) and zone diameters (version 8.0; <http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_8.0_Breakpoint_Tables.pdf>) and the Clinical and Laboratory Standards Institute (CLSI) documents VET08 ([@c8]) and M100-S28 ([@c9]). *E. coli* American Type Culture Collection (ATCC) 25922 served as the quality control strain.

Whole-Genome Sequencing and Molecular Analysis {#s2.6}
----------------------------------------------

DNA was extracted from all CRE isolates using a TIANamp Bacteria DNA Kit (Tiangen Biotech Co.) according to the manufacturer's instructions. DNA libraries were prepared using a KAPA HyperPrep Kit (Roche) and sequenced on a HiSeq X Ten platform (Illumina) with $150–\text{base\  \ pair\  }\left( \text{bp} \right)$ paired-end reads by Annoroad Genomics Co. The draft genomes were assembled using SPAdes (version 3.9.0; Center for Algorithmic Biotechnology CAB). Antibiotic resistance genes, virulence genes, and sequences suitable for multilocus sequence typing (MLST) were identified using the SRST2 toolkit (version 0.2.0; The University of Melbourne) ([@c16]). A minimum spanning tree of all sequence types (STs) was generated by BioNumerics (version 7.0; Applied Maths) using the BURST algorithm. The phylogenetic groups (A, B1, B2, D, E, and F) of the *E. coli* isolates were determined as described previously ([@c45]). All draft genomes were used for core-genome alignments to construct a phylogenetic tree using Parsnp in the Harvest package (version 1.1.2; National Biodefense Analysis and Countermeasures Center) ([@c36]), and were visualized using the online tool Interactive Tree of Life (iTOL; <http://itol.embl.de/>) with the corresponding features of each isolate. The lineages of the phylogenetic tree were further defined using Bayesian analysis of the population structure (BAPS; version 6.0; Bayesian Statistics Group) ([@c7]). All $bla_{\text{NDM}}\text{-carrying}$ contigs retrieved from the draft genomes were annotated using the online automated PATRIC server (<https://www.patricbrc.org>). All whole-genome sequencing data in this study have been deposited in the GenBank and under BioProject accession no. PRJNA507915.

Source Predictions for Carbapenem-Resistant Enterobacteriaceae Isolates Using a Discriminant Analysis of Principal Components Model {#s2.7}
-----------------------------------------------------------------------------------------------------------------------------------

Discriminant analysis of principal components (DAPC) is a multivariate method designed to identify and describe clusters of genetically related individuals and to assign individuals to groups using the adegenet package implemented in the free software R (R Development Core Team; version 3.4.1) ([@c19]). To construct a detectable DAPC model, we downloaded 14,706 metadata files, including the source and sampling site information for *E. coli*, from the NCBI website (<https://www.ncbi.nlm.nih.gov/pathogens>). In total, 4,032 *E. coli* isolated from fecal samples of five groups (humans, pigs, chickens, cattle, and dogs) were screened (Figure S2). Twenty percent of the isolates were selected from groups containing $> 1,000$ database entries, and 100 isolates were selected from other groups. In total, whole-genome sequencing data for 940 isolates from 440 humans, 200 cattle, 100 pigs, 100 chickens, and 100 dogs were downloaded from the NCBI databases. The core-genome single-nucleotide polymorphism (SNP) profiles of each of the 940 *E. coli* isolates were generated using Parsnp, and an SNP matrix based on these profiles was generated using HarvestTools ([@c36]). The SNP matrix of the 940 strains from the five groups of hosts was then used to construct the DAPC model as previously described ([@c19]). The remaining 228 whole-genome sequences from 28 isolates of dogs and 50 isolates each of humans, pigs, cattle, and chickens, respectively, were used as the testing set for the model (Table S1). Finally, the constructed model was used to predict the possible genetic sources of all CRE isolates from humans and backyard animals.

Results {#s3}
=======

Bacterial Isolation, Species Identification, and Detection of Carbapenemase Genes {#s3.1}
---------------------------------------------------------------------------------

Overall, 88 CREC isolates were identified from 1,779 samples collected in the 746 households across the12 villages, including 17 from humans (17 out of 735; 2.3%; 95% CI: 1.4, 3.7), 44 from pigs (44 out of 417; 10.6%; 95% CI: 7.9, 13.9), 12 from chickens (12 out of 305; 3.9%; 95% CI: 2.0, 6.8), 12 from flies (12 out of 180; 6.7%; 95% CI: 3.5, 11.4), 2 from dogs (2 out of 92; 2.2%; 95% CI: 0.3, 7.6), and 1 from cattle (1 out of 13; 7.7%; 95% CI: 0.2, 36.0) ([Figure 2](#f2){ref-type="fig"}, Table S2), and each isolate was from individual samples. Excluding the 12 CREC isolates collected from flies, the other 76 isolates were collected from humans and/or backyard animals within 65 households. All samples from cats, goats, ducks, and the single sample from a donkey were negative for CRE (Table S2). Villages B and G displayed the highest prevalence of CREC (6.3 and 6.2%, respectively) among humans and had the highest CREC prevalence (27.3 and 25.9%, respectively) among backyard pigs as well. Almost half of the chicken-derived (5 out of 12) and dog-derived (1 out of 2) CREC isolates were recovered from samples collected in village B, which also had the highest prevalence of CREC (2 out of 9, 22.2%) among all fly-derived samples. None of the samples from residents from villages I or J contained CREC, and the pig samples from village I also had the lowest prevalence of CREC (1.7%) except for village K negative for CREC. ([Figure 2](#f2){ref-type="fig"}). Similarly, no CREC isolates were recovered from workers ($n = 12$) or pigs ($n = 289$) of the two nearest commercial pig farms. All 88 CREC isolates contained $bla_{\text{NDM}}$ carbapenemase genes and were negative for other tested carbapenemase genes.

![Map of the sampling locations and CREC prevalence among humans, pigs, chickens, dogs, cattle and flies in the 12 villages (from village A to L). The white areas represent the un-selected neighboring villages and the letters A-L indicate the 12 selected villages in this study. The color gradation stands for the prevalence of CREC in different villages in different sample types.](ehp-127-107009-g002){#f2}

Risk Factors Associated with NDM-EC Household Carriage in Villages {#s3.2}
------------------------------------------------------------------

In total, we obtained 769 questionnaires from the 12 villages, of which 746 households also provided human and/or backyard animal fecal samples. The remaining 23 households without samples were excluded from this study (Figure S1). Humans and/or backyard animals in 65 households were positive for NDM-EC, while the remaining 681 households were negative. We analyzed the potential association of NDM-EC household carriage with sociodemographic indices and the production operations of the backyard farming. Four of the nine variables of interest (i.e., the number and the average age of people living in the same household and the habit of washing hands before meals and after going to the toilet) were excluded from further evaluation because they did not predict carriage (univariate $p < 0.20$) in the univariate analysis ([Table 1](#t1){ref-type="table"} and [Table 2](#t2){ref-type="table"}). The five remaining variables met our criterion for inclusion in the initial multivariable model (univariate $p \leq 0.20$). However after backwards selection, only two variables were retained in the final model based on $p < 0.05$. These two variables were the number of different animal species raised/kept in the same backyard \[odds ratio $\left( \text{OR} \right) = 1.5$; 95% CI: 1.2, 1.7 for each additional animal species\] and the use of human or animal feces as fertilizer ($\text{OR} = 2.7$; 95% CI: 1.1, 6.6 for any use vs. no use) ([Table 3](#t3){ref-type="table"}). The Hosmer-Lemeshow goodness-of-fit test result of $\chi^{2} = 9.975$ (8 degrees of freedom; $p = 0.267 > 0.05$), and a receiver operating characteristic curve value of 0.75 indicated that the model had good fit and predictive ability.

###### 

Significant predictors ($p < 0.05$) in multivariable logistic regression model of New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) carriage in households in rural China.

Table 3 lists variables in the first column; the corresponding odds ratios (95 percent C I) and p values are listed in the other columns.

  Variables                                                              OR (95% CI)      *p*-Value
  ---------------------------------------------------------------------- ---------------- -----------
  Number of different animal species raised/kept in the same household   1.5 (1.2, 1.7)   0.001
  Using human and/or animal faeces as fertilizer                                          
   Yes                                                                   2.7 (1.1, 6.6)   0.03
   No                                                                    1.0              

Note: Mutually adjusted model limited to significant predictors identified using backwards stepwise regression. CI, confidence interval.

Antimicrobial Susceptibility Profiles of NDM-EC from Humans and Animals {#s3.3}
-----------------------------------------------------------------------

All 88 NDM-EC isolates from humans and animals were resistant to cefotaxime, while $> 60\%$ of these isolates exhibited resistance to amoxicillin-clavulanate, piperacillin-tazobactam, tetracycline, meropenem, florfenicol, and ciprofloxacin ([Table 4](#t4){ref-type="table"}). Resistance to meropenem, imipenem, and fosfomycin was significantly more prevalent ($p < 0.05$) among NDM-EC isolates from humans compared with isolates from animals, while isolates from animals showed higher rates of resistance ($p < 0.05$) to nitrofurantoin and amoxicillin-clavulanate than those from humans ([Table 4](#t4){ref-type="table"}, Figure S3). Of these 88 NDM-EC isolates, 81.8% ($n = 72$) and 62.5% ($n = 55$) were resistant to meropenem and imipenem, while the 6 and 19 isolates were considered intermediate ($\text{MIC} = 2\;{mg}/L$) to meropenem and imipenem, and the remaining 10 and 14 isolates were classified as borderline susceptible ($\text{MIC} = 0.5–1\;{mg}/L$) to meropenem and imipenem according to CLSI (Excel Table S1). All isolates were susceptible to tigecycline and showed relatively low percentages of resistance to colistin (23.5% in human isolates and 15.5% in animal isolates) ([Table 4](#t4){ref-type="table"}).

###### 

Rates of resistance based on minimum inhibitory concentrations of New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) isolates from humans and animals.

Table 4 lists antimicrobial agents in the first column; the corresponding values for human (n equals 17) and animal (n equals 71) and their p values are listed in the other columns.

  Antimicrobial agents            Human ($n = 17$)   Animal ($n = 71$)   *p*-Value
  ------------------------------- ------------------ ------------------- -----------
  Imipenem                        16 (94.1%)         39 (54.9%)          0.003
  Meropenem                       17 (100%)          55 (77.5%)          0.03
  Colistin                        4 (23.5%)          11 (15.5%)          0.43
  Tetracycline                    15 (88.2%)         69 (97.2%)          0.11
  Tigecycline                     0 (0%)             0 (0%)              ---
  Cefotaxime                      17 (100%)          71 (100%)           ---
  Gentamicin                      12 (70.6%)         36 (50.7%)          0.14
  Ciprofloxacin                   12 (70.6%)         48 (67.6%)          0.81
  Amikacin                        5 (29.4%)          8 (11.3%)           0.06
  Nitrofurantoin                  1 (5.9%)           25 (35.2%)          0.02
  Fosfomycin                      11 (64.7%)         27 (38.0%)          0.046
  Florfenicol                     14 (82.4%)         50 (70.4%)          0.32
  Trimethoprim-sulfamethoxazole   14 (82.4%)         42 (59.2%)          0.07
  Amoxicillin-clavulanate         16 (94.1%)         71 (100%)           0.04
  Piperacillin-tazobactam         16 (94.1%)         70 (98.6%)          0.27

Note: Data are the number of resistant isolates (overall resistance rate as a percentage). The *p*-values ($\chi^{2}$ test) are for comparisons of resistance rates between isolates from humans and animals (backyard animals and flies). ---, no data.

Genotypes of the NDM-EC Isolates {#s3.4}
--------------------------------

Most of the 88 NDM-EC isolates belonged to *E. coli* phylogroup A ($n = 79$), with only a few isolates belonging to groups B1 ($n = 5$), E ($n = 2$), and F ($n = 2$) ([Figure 3](#f3){ref-type="fig"}). MLST analysis showed that 80 isolates were assigned to 36 known MLST types, while 8 isolates represented 6 novel STs. Overall, six (35.3%) human NDM-EC isolates displayed ST48 ($n = 3$), ST10 ($n = 1$), ST1114 ($n = 1$), or ST6910 ($n = 1$) shared by animal isolates. Of these, ST48 was the most prevalent ST among the NDM-EC isolates in this study (13 out of 88; 14.8%), and was associated with isolates from pigs ($n = 4$), humans ($n = 3$), chickens ($n = 3$), and flies ($n = 3$). ST206 ($n = 9$), ST744 ($n = 6$), and ST1178 ($n = 6$) were also associated with isolates from pigs, chickens, and flies ([Figure 3](#f3){ref-type="fig"}; Figure S4). Core SNP--based phylogenetic analysis further supported the commonality of CREC isolates from humans and various animals with the same STs ([Figure 3](#f3){ref-type="fig"}). The BAPS analysis revealed 7 lineages among the 88 NDM-EC isolates. Apart from lineage 6, each lineage comprised NDM-EC isolates from humans and their backyard animals ([Figure 3](#f3){ref-type="fig"}). Furthermore, we found two human isolates (G018h and G028h) recovered from village G displayed only three SNPs with two pig isolates (G007p and G031p) from the same village.

![Distribution of *Escherichia coli* phylogroups, multilocus sequence typing (MLST), antimicrobial-resistance, and virulence-associated genes among New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *E. coli* (NDM-EC) isolates from humans and animals across the phylogenetic tree.](ehp-127-107009-g003){#f3}

Source Tracking for the NDM-EC Isolates {#s3.5}
---------------------------------------

DAPC was used to investigate the genetic relationships among the 88 NDM-EC isolates from humans, backyard animals, and flies to identify the original host of each isolate. Overall, the first 407 principal components (99.2% of total variance) and four discriminant functions were retained to construct the training model. The five clusters of *E. coli* from five different hosts were well differentiated in the training model ([Figure 4A)](#f4){ref-type="fig"}. The prediction accuracy rate of the 228 selected *E. coli* for each host ranged from 53.6 to 92.0% ([Figures 4B and 4C)](#f4){ref-type="fig"}. Therefore, we concluded that the DAPC model, with its large and randomly selected data set, was suitable for analysis of our NDM-EC isolates. The 17 human NDM-EC isolates belonged to the human ($n = 4$; 23.5%), dog ($n = 5$; 29.4%), chicken ($n = 4$; 23.5%), pig ($n = 3$; 17.6%), and cattle ($n = 1$; 5.9%) clusters. The 44 pig NDM-EC isolates were assigned to the pig ($n = 11$; 25.0%), human ($n = 9$; 20.5%), cattle ($n = 12$; 27.3%), dog ($n = 6$; 13.6%), and chicken ($n = 6$; 13.6%) clusters ([Figure 4D,E](#f4){ref-type="fig"}; Excel Table S2). The CREC isolated from flies, which interact with both animals and humans, were assigned to all five host clusters, with humans and dogs being the predominant origins of isolates. Surprisingly, the predominant origins of the chicken isolates were pigs and dogs, while the single cattle-derived isolate clustered with the chicken isolates.

![Source predictions for New Delhi $\text{metallo-}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) isolates using the DAPC model. (A) Scatterplot represents individuals as dots, and groups as inertia ellipses. (B) Testing validation: rows correspond to actual trait, and columns correspond to inferred trait. (C) Successful assignment rates for prediction of testing group. (D) Membership probability of individuals. Others include one cattle and two dogs. Red pentagram stands for *mcr-1*-positive NDM-EC. (E) Probable source of NDM-EC.](ehp-127-107009-g004){#f4}

Plasmid Profiles and Genetic Context of $bla_{\textbf{NDM}}$ Genes {#s3.6}
------------------------------------------------------------------

All 88 CREC isolates carried $bla_{\text{NDM}}$ genes, of which 69 (78.4%) harbored $bla_{\text{NDM-}5}$, 12 (13.6%) carried $bla_{\text{NDM-}1}$, and 7 (8.0%) were positive for $bla_{\text{NDM-}9}$. The gene $bla_{\text{NDM-}5}$ was widely distributed among pig ($n = 33$), human ($n = 12$), fly ($n = 11$), chicken ($n = 10$), dog ($n = 2$), and cattle ($n = 1$) isolates. Although only a small percentage of isolates carried $bla_{\text{NDM-}1}$ or $bla_{\text{NDM-}9}$, these two genes were present in isolates from both household residents (three $bla_{\text{NDM-}1}$ and two $bla_{\text{NDM-}9}$) and backyard animals (nine $bla_{\text{NDM-}1}$ and five $bla_{\text{NDM-}9}$). The complete genome sequences of 75 of the isolates (66 $bla_{\text{NDM-}5}$ and 9 $bla_{\text{NDM-}1}$) from backyard animals ($n = 50$), humans ($n = 14$), and flies ($n = 11$) contained regions showing $> 99\%$ nucleotide sequence identity to the reference plasmid pNDM5_IncX3 (GenBank accession no. KU761328), suggesting that most of these $bla_{\text{NDM}}$ genes are likely to be located on IncX3-type plasmids (Figure S5A). The lengths of the 88 $bla_{\text{NDM}}\text{-carrying}$ contigs ranged from $3,421–48,161\text{ \ bp}$, with the genomic backbones classified into types A ($n = 75$), B ($n = 8$), and C ($n = 5$) (Figure S6). The conserved region ($bla_{\text{NDM}}\text{-}ble_{\text{MBL}}\text{-}trpF$) was found in all three genetic types. The type A backbones contained the typical type IV secretion system, and the type B backbones carried resistance genes *mph*(E), *msr*(E), *armA*, *aph(3\')-IV*, *aadA2*, *sul1*, and *dfrA12* in addition to $bla_{\text{NDM}}$, while the type C genomic backbone contained only the $bla_{\text{NDM}}$ resistance gene.

Distribution of Antimicrobial Resistance- and Virulence-Associated Genes among the NDM-EC Isolates {#s3.7}
--------------------------------------------------------------------------------------------------

In addition to the $bla_{\text{NDM}}$ genes, further $\beta\text{-lactamase}$ genes ($bla_{\text{CTX-}M}$, $bla_{\text{TEM}}$, and $bla_{\text{OXA}}$), plasmid-mediated quinolone resistance genes (*oqxAB* and *qnrS*), tetracycline resistance genes \[(*tet*(34), *tet*(A), and *tet*(B)\], aminoglycoside resistance genes \[*aac(3)-IId*, *aac(3)-IVa*, *aadA2*, *aadA5*, *ant(3\'\')-Ia*, *aph(3\')-Ia*, *aph(3\'\')-Ib*, *aph(4)-Ia* and *aph(6)-Id*\], sulfonamide resistance genes (*sul1*, *sul2*, and *sul3*), trimethoprim resistance genes (*dfrA12* and *dfrA17*), a fosfomycin resistance gene (*fosA*), and a florfenicol resistance gene (*floR*) were commonly present in both human and animal isolates ([Figure 3](#f3){ref-type="fig"}). Notably, 14 NDM-EC isolates from pigs ($n = 8$), flies ($n = 3$), humans ($n = 2$), and chicken ($n = 1$) were positive for *mcr-1*, the first-identified mobile colistin resistance gene ([@c23]). All of these 14 $mcr\text{-}1\text{-}bla_{\text{NDM}}$-carrying isolates belonged to 11 ST types, suggesting nonclonal dissemination was responsible for cotransmission of $bla_{\text{NDM}}$ and *mcr-1* genes. In addition, both human and animal isolates exhibited no difference in virulence factor-encoding genes, including the genes coding for autotransporters (*aatA*, *cah*, and *ehaB*), secretion systems (*aec*, *clpV*, and *espL/R/X/Y*), curli fibers (*csgA/B/C/D/E/F/G*), common pili (*eaeH*, *ecpA/B/C/D/R*), type I fimbriae (*fimH*), and a hemolysin (*hlyE*) ([Figure 3](#f3){ref-type="fig"}).

Discussion {#s4}
==========

Over the past decade, numerous studies have examined possible links between the occurrence of carbapenem-resistant microorganisms in animals and in humans. However, evidence of the direct transfer of CRE between animals and humans through either close contact or via the food chain is scarce ([@c14]). Hence, CRE of animal origin has not been considered a major threat to human health ([@c24]; [@c28]). Here, for the first time, we have applied a One Health approach and provide strong evidence of direct transmission of NDM-EC among household family members, their backyard animals, and the immediate environment in backyard farm ecosystems from China. This evidence includes the following observations: *a*) the greater the number of different species of animals in the backyard farm, the greater the likelihood of NDM-EC being detected from members (residents and animals) of the household. In addition, the application of manure originating from humans and/or animals as fertilizer significantly increases the risk of NDM-EC household colonization; *b*) the MLST types of $> 35\%$ of the NDM-EC isolates from humans were shared by isolates from backyard animals and flies; *c*) DAPC analysis showed that a large proportion of NDM-EC isolates from humans, backyard animals (pigs, chickens, cattle, and dogs), and flies originated from hosts other than those from which they were isolated in this study; *d*) some NDM-EC isolates from the household residents showed the same genotypes as those from pigs, chickens, cattle, dogs, or flies based on core-genome SNP-based phylogenetic analysis; and *e*) the $bla_{\text{NDM}}\text{-carrying}$ regions/plasmids (IncX3) in NDM-EC isolates from humans exhibited $> 99\%$ nucleotide sequence identity to those in isolates from backyard animals and flies. Therefore, these observations suggest that backyard farming is a previously underestimated risk for the transfer of MDR bacteria between humans and animals ([Figure 5](#f5){ref-type="fig"}).

![Diagram showing possible transmission routes for New Delhi $\text{metallo\ -}\beta\text{-lactamases}$--type carbapenem-resistant *Escherichia coli* (NDM-EC) among humans, animals, and environmental sources in the backyard farm. (A) The production mode in backyard farm in rural China. (B) Possible NDM-EC transmission routes.](ehp-127-107009-g005){#f5}

Unlike the observed NDM-EC transmission within the backyard farming system, all samples collected from pigs and farm workers at the two nearest commercial farms were negative for CRE. We propose four possible reasons for this discrepancy. First, in commercial pig farms, good hygiene practices were followed, which included that pigs were raised separately in the sows, weaners, and growers pens at different growth stages and the "all-in and all-out" strategy was obeyed ([@c33]). In contrast, backyard farms often accommodate many different species of animals. Free-ranging animals such as chickens and dogs increase the likelihood of direct and frequent contact between humans and animals, enhancing the dissemination of NDM-EC in the backyard farms ([Figure 5](#f5){ref-type="fig"}). Second, we observed that the disinfection practice was well implemented in the commercial farms, e.g., all the transfer vehicles were disinfected by wheel washes before entering and before leaving the farms. Moreover, a disinfecting footbath and protective clothing were provided for workers and visitors before entering the pigpen. Unlike commercial farm workers, household family members are less likely to have professional training in rearing food-producing animals, and they have less impetus to implement good management practices, resulting in less hygienic conditions. Combined with nonstandard disinfection procedures, decreased hygiene standards means that animals on backyard farms are likely to come into contact with MDR bacteria--carrying vectors, such as flies. This was confirmed by the identification of 12 NDM-EC isolates from flies in the backyard farm environment, with most of the isolates traced back to the human, dog, and cattle clusters ([Figure 4D,E](#f4){ref-type="fig"}). Third, on commercial farms, the use of antimicrobial agents is restricted and carefully managed. On the contrary, the villagers in our study area did possess low levels of knowledge about antimicrobial agents, yet it is still common practice among backyard farmers to apply antimicrobial agents without prior consultation of a veterinarian ([@c11]). The inappropriate and probable overuse of antimicrobial agents in backyard animals could have resulted in a high selection pressure, leading to the acquisition of corresponding resistance genes by bacterial strains. All NDM-EC isolates in the current study exhibited MDR profiles, and $bla_{\text{NDM}}$ genes commonly coexisted with other resistance genes, including *qnr* and *oqxAB*. Once introduced into the animal sector, NDM-EC isolates were likely subject to further selection pressure from other antibiotics, such as fluoroquinolones ([@c24]). Fourth, the two commercial farms adopted anaerobic digestion processes to treat swine waste, during which the relative abundance of Enterobacteriaceae significantly decreased ([@c41]). Therefore, the $bla_{\text{NDM}}$ gene may be largely reduced or eliminated following anaerobic digestion, as Enterobacteriaceae are the predominant family carrying this gene ([@c40]). However, unlike the pretreated manure in the commercial farms, backyard animal farmers may discharge untreated manure and sewage into the environment, due to the lack of awareness of environmental protection practices. As a result, antimicrobial residues, resistant bacteria, and resistance genes are released into rivers and introduced into soil through the use of manure for irrigation ([@c32]). We previously identified various fluoroquinolone residues in water, sediment, manure, and soil samples from this same area ([@c15]), and confirmed the presence of CRE isolates in local well water ([@c32]). Additionally, we also recovered two $bla_{\text{NDM-}5}$-positive isolates from the pig manure in villages A and C. These two strains displayed ST10 and ST1114; both ST types were shared between NDM-EC isolates from humans and animals (data not shown). All of these antimicrobial residues, resistant bacteria, and genes in environmental samples suggested that environmental sources may also be involved in MDR bacteria transmission between humans and animals.

Although we provide evidence of the transfer of CRE between animals and humans in the backyard farms, we acknowledge several limitations in this study. First, although we involved 65 households in each of these 12 villages, we assumed that there were no correlation among households within one village when analyzing the potential risk factors associated with the CRE carriage. Therefore, we treated all the households as independent and did not calculate the village-level variances. Second, only the two nearest typical large-scale pig farms were included to compare the presence of CRE in the commercial pig farms and in the backyard pig farms. However, these two farms are managed by one company, the production modes and hygienic practices of which are almost consistent with that of other commercial farms in Shandong Province and across China. Furthermore, all farm workers and representative pigs at different growing stage in these two commercial farms were sampled and analyzed for the presence of CRE. Third, we collected the samples in the commercial pig farms in the early spring, when the maximum temperature was about 15°C, and no flies were captured in these two commercial farms. Therefore, we could not analyze whether flies are associated with NDM-EC in commercial farms.

The medium-sized and industrial pig production facilities in China increased rapidly from 1990 onwards after the economic reform and free-trade agreements ([@c2]). However, backyard farming, which existed for thousands of years, still accounts for a third of the pig production in China, providing both food for the family and a household income in rural and underdeveloped areas ([@c2]). On a global level, backyard farming is recognized as one of the most common types of animal production, especially in low- and middle-income countries and areas. Backyard farming accounts for 40 to 96% of the pig production in some countries in Europe (Bulgaria and Romania), South Asia (Vietnam, Laos, Cambodia, Indonesia, and the Philippines), and South America (Chile) ([@c1]; [@c3]; [@c22]; [@c25]). Although the scale of backyard farm systems continues to shrink, backyard farming is likely to persist for some time in China and other parts of the world. For instance, in our IMPACT project, the number of households raising animals in the backyard has slightly decreased from 537 (69.8%) out of the selected 769 households in the 12 villages in 2015 to 373 (59.3%) out of 629 households in 2017. Therefore, more efforts should be made to control the transmission of CRE in backyard farm ecosystems and to support the sustainable development of this type of farming. To achieve this, policies to improve backyard farming should be developed and implemented, followed by a better education of people in rural communities on professional farming practices, hygiene management, and infectious disease control.
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